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A systematic investigation of the diffusion of Be, B, Na, Mg, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Zn,
Ge, Rb, and Mo in silicon has been carried out. The elements were implanted into silicon wafers as
low dose impurities, and then postheat treatments of the ion-implanted samples were conducted at
different temperatures for a specific time. Following the anneals, the depth profiles were obtained by
secondary ion mass spectrometry analyses. A wide range of diffusion behavior has been observed
for these elements. Based on differences in the depth profiles the diffusion mechanism was identified
where possible. © 2001 American Vacuum Society. 关DOI: 10.1116/1.1396638兴

I. INTRODUCTION
The modern semiconductor industry is based on integrated circuits formed from silicon doped with n- and p-type
dopants. Diffusion and ion implantation are the two main
techniques for introducing different dopants into Si wafers.
Since the performance of a device depends critically on dopant distribution, diffusion plays a major role in transistor
fabrication. Semiconductor failures are often caused by the
diffusion of metallic elements 共or contaminants兲 introduced
during device processing. Therefore, a better understanding
of diffusion phenomena of metallic elements in silicon is
valuable for quality control and failure analysis.
Intrinsic diffusion of metallic impurities in silicon has
been under study since the early 1960s.1– 4 Most of the data
were obtained at that time by annealing a deposited layer on
the silicon surface 共see Table I兲. It was noted that, for most
elements, the Arrhenius expression is obeyed, indicating
thermally activated diffusion. The data compiled show that
diffusion is either interstitial or substitutional and there is a
wide range of diffusivity for different impurities 共over ten
orders of magnitude at a given temperature.兲
Since the early 1970s, ion implantation5 has been gradua兲
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ally developed into a standard tool to introduce dopants into
silicon. Ion implantation generates additional point defects
inside Si that further complicate the impurity diffusion phenomena. It is recognized that diffusion of the implanted species during annealing can be affected by the defects generated during the implantation process, in the extreme case
causing the formation of an amorphous layer, and by the
charge state of the implants. The diffusion behavior of common dopants implanted into Si such as B,6 As,7 Sb,8 and P9
have been well characterized. However, diffusion data on
contaminant elements implanted into Si are not generally
available. Studies have been made of implanted Fe in
InGaAsP10 and Fe and Co in InP.11 In this article, we examine the diffusion behavior of 17 elements, including Be, B,
Na, Mg, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Zn, Ge, Rb, and
Mo, implanted into Si.
II. EXPERIMENTAL CONDITIONS
Isotopes of the 17 elements were introduced into 共100兲
single-crystalline silicon by ion implantation at room temperature. 51V was implanted into both silicon and a 0.5 m
polysilicon layer on silicon substrate. The implantation energies and doses ranged from 50 to 180 keV and 7.5E13 to
1.1E15 atoms/cm2 , respectively. The implanted doses for elements with atomic number greater than Si were determined
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TABLE I. Diffusion properties of elements in silicon.
Ionic
radius
Element 共nm兲
Be
B
Na
Mg
Cl
K
Ca
Ti
V
Cr
Mn
Fe
Ni
Zn
Ge
Rb
Mo

Crystal
structure

0.034
hcp
0.02 Rhombohedral
0.098
bcc
0.078
hcp
0.181
0.133
bcc
0.106
fcc
0.076
hcp
0.065
bcc
0.064
bcc
0.091
Cubic
0.087
bcc
0.078
fcc
0.083
hcp
0.044
Diamond
0.149
bcc
0.068
bcc

Diffusion
mechanism
I
S
I
I
I
I
I
I
I
I
I
I
I/S
I/S
S
I

Diffusivity
at 1000 °C
(cm2 /s)

Solubility
at 1000 °C
(atoms/cm⫺3 )

1.0⫻10⫺14a
1.6⫻10⫺6a

1021b
⬃1018a

4⫻10⫺7a

⬃1018a

6⫻10⫺11c*
⬃10⫺7
2.1⫻10⫺6d*
2⫻10⫺6b
2.2⫻10⫺6a
2.8⫻10⫺9a
2.9⫻10⫺7a
7.4⫻10⫺16a

7⫻1012a
3⫻1014a
3⫻1016b
3⫻1016b
5⫻1017b
6⫻1016b

I—Interstitial.
S—Substitutional.
a
W. E. Beadle, J. C. C. Tsai, and R. D. Plummer, Quick Reference Manual
for Silicon Integrated Circuit Technology 共Wiley, New York, 1985兲.
b
F. Shimura, Semiconductor Silicon Crystal Technology 共Academic, San Diego, 1989兲.
c
V. P. Boldyrew, F. I. Prokovskii, S. G. Romanovskaro, A. V. Tkach, and I.
E. Shimanovich, Sov. Phys. Semicond. 11, 709 共1977兲.
d
W. Warker, K. Roy, and K. Hesse, Mater. Res. Bull. 9, 971 共1977兲.
*1100 °C.

using Rutherford backscattering spectroscopy. The ionimplanted samples were annealed at 300, 500, 700, 900, and
1000 共or 1100) °C. The heat treatments were carried out in a
Lindberg furnace with a long quartz tube. Once the desired
temperature was reached, the quartz tube with the samples
was placed into the center of the furnace. The annealing
temperature was accurately controlled 共nominally ⫾1 °C).
During the annealing process, a constant flow of high purity
共99.999%兲 Ar gas was maintained through the quartz tube.
The time of annealing was 30 min for each sample. After
annealing, the quartz tube was moved out of the furnace and
the samples were cooled to room temperature in an Ar environment.
Secondary ion mass spectrometry 共SIMS兲 was employed
as the primary method of analysis because of good sensitivity and depth resolution. SIMS analyses were carried out
with a CAMECA IMS-3f using 150 nA 共measured using improved Faraday cup and checked by sputtering rate and primary current comparison with a CAMECA IMS-6f兲. O⫹
2 primary beam at a source potential of 10 kV, an impact energy
of 5.5 keV, and an impact angle of 40° from normal.12 The
focused primary beam was rastered over a 200 m ⫻ 200
m area, with detection of ions from an area of 60 m
diameter at the center of the raster. The sputtering rate was
approximately 0.5 nm/s. A silicon matrix signal, typically
28 2⫹
Si , was monitored to ensure a uniform sputtering rate.
The depth scale was established for each profile by measuring the crater depth with a stylus profilometer 共Sloan Dektak
J. Vac. Sci. Technol. B, Vol. 19, No. 5, SepÕOct 2001

FIG. 1. SIMS depth profiles of 11B 共50 keV, 1E15 atoms/cm2 ) 关• as implanted, 䊊 annealed 300 °C, 䉱 500 °C, 䉭 700 °C, ⫻ 900 °C, 䊐 1000 °C].

IIA兲. The concentration scales were determined from the
known implant doses of the as-implanted samples and the
measured erosion rate.
III. RESULTS AND DISCUSSION
The diffusion behavior of the 17 elements in silicon may
be categorized into five groups. Since the diffusion behavior
of implanted boron in silicon has been extensively studied,6
it has been used as a control element 共category 1兲. Figure 1
shows SIMS depth profiles of boron in the as-implanted and
annealed samples, indicating that there is no diffusion up to

FIG. 2. SIMS depth profiles of 共a兲 39K 共100 keV, 1E14 atoms/cm2 ) and 共b兲
85
Rb 共180 keV, 7.5E13 atoms/cm2 ) 关• as implanted, 䊊 annealed 300 °C, 䉱
500 °C, 䉭 700 °C, ⫻ 900 °C, 䊐 1100 °C for K and 1000 °C for Rb兴.
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FIG. 3. SIMS depth profiles of 共a兲 Ge 共180 keV, 4.2E14 atoms/cm ), 共b兲
51
V 共150 keV, 1E14 atoms/cm2 ), and 共c兲 35Cl 共150 keV, 5E14 atoms/cm2 )
关• as implanted, 䊊 annealed 300 °C, 䉱 500 °C, 䉭 700 °C, ⫻ 900 °C, 䊐
1100 °C].
70

2

500 °C. Diffusion of boron in silicon is first observed for the
700 °C annealed sample. For the samples annealed at 900
and 1000 °C, diffusion of boron occurs both to the surface
and deep into the silicon matrix. The second category of the
implanted elements shows almost no diffusion after the anneals. Among the elements investigated here, K and Rb have
this behavior 共see Fig. 2兲, and Ge, V, and Cl 共Fig. 3兲 show
limited diffusion either deeper into the silicon matrix 共Ge
and Cl兲 or toward the peak of the implant 共V兲. The third
category includes Be, Na, and Mg shown in Fig. 4, and Ti
and Mn shown in Fig. 5. These elements tend to diffuse to
the surface of single-crystalline Si during the anneals greater
than 700 °C. Note that significant Ti diffusion to the surface,
attributed to interstitial motion, occurs only at 1100 °C.
The fourth category includes the elements Fe, Ca, Cr, Zn,
and Mo, and the results are influenced by the defects introduced by ion implantation. It is well known that the ion
implantation process will generate a high density of defects
JVST B - Microelectronics and Nanometer Structures
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FIG. 4. SIMS depth profiles of 共a兲 9 Be 共70 keV, 1E14 atoms/cm2 ), 共b兲 23Na
共70 keV, 1E14 atoms/cm2 ), and 共c兲 24Mg 共120 keV, 1E14 atoms/cm2 ) 关• as
implanted, 䊊 annealed 300 °C, 䉱 500 °C, 䉭 700 °C, ⫻ 900 °C,
䊐 1000 °C for Be, 1100 °C for Mg兴.

in Si and can amorphize the Si crystal at sufficiently high
dose. The interactions of the defects and the diffused atoms
and the recrystallization of the amorphous Si layer will have
a strong effect on the diffusion behavior of the implanted
elements. During the annealing process, precipitation of the
supersaturated solid solutions and intermediate compounds
may occur at the structural defects.13 The SIMS depth profiles of Fe in the as-implanted and annealed samples, shown
in Fig. 6共a兲, indicate that the implanted Fe atoms in silicon
tend to move to the silicon surface during the annealing process. The diffusion of Fe starts for the sample annealed at
500 °C and concentration peaks have been formed at the surface and at 0.13 m, but the distribution at depths exceeding
0.13 m was not affected. As the annealing temperature was
increased to 900 °C, the implanted Fe atoms diffuse to the
silicon surface and form a concentration peak at about 0.02
m. At this annealing temperature the deeper concentration
peak has disappeared. Diffusion of the implanted Cr toward
the surface of silicon starts at 500 °C 关see Fig. 6共b兲兴, similar

1772
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FIG. 5. SIMS depth profiles of 共a兲 48Ti 共150 keV, 1E14 atoms/cm2 ), and 共b兲
55
Mn 共150 keV, 1E14 atoms/cm2 ) 关• as implanted, 䊊 annealed 300 °C,
䉱 500 °C, 䉭 700 °C, ⫻ 900 °C, 䊐 1100 °C].

to Fe. Two concentration peaks, located at 0.06 and 0.18 m,
have been observed for the samples annealed at 500, 700,
and 900 °C. Most of the implanted dose remains even after
significant diffusion has taken place. For example, at 500 °C,
90% of the Cr implanted dose is present, with 5% in the 0.18
m peak. Notice that the implanted Cr atoms at depths exceeding 0.18 m are only slightly affected by the 700 and
900 °C anneals. When the annealing temperature was increased to 1100 °C, all the implanted Cr atoms diffuse to the
surface. Figure 6共c兲 shows that implanted Mo diffuses to the
surface of silicon in a manner similar to Fe and Cr, but with
different peak locations. This is in agreement with recent
work.14
Figure 7共a兲 presents the SIMS depth profiles of Zn in the
as-implanted and the annealed samples, showing that appreciable diffusion of Zn into silicon occurs at 300 °C. Concentration peaks just below the surface and at 0.28 m have
been formed for the samples annealed at 500 or 700 °C. If
the annealing temperature is higher than 900 °C, the implanted Zn atoms diffuse to the surface of the silicon. Precipitates at the depth of maximum implant damage and the
original amorphous-crystalline interface may explain the existence of the two peaks on either side of the as-implanted
profile. The diffusion of Ca, shown in Fig. 7共b兲, to the surface and into the silicon occurs when the samples were annealed above 700 °C with concentration peaks at 0.1 and
0.15 m. Concentration peaks at 0.08, 0.17, and 0.27 m are
found for the samples annealed at 900 or 1100 °C.
When three concentration peaks are detected, the first is at
the sample surface. The formation of this peak may be explained by the precipitation of solid solutions due to surface
J. Vac. Sci. Technol. B, Vol. 19, No. 5, SepÕOct 2001

FIG. 6. SIMS depth profiles of 共a兲 56Fe 共100 keV, 1E15 atoms/cm2 ), 共b兲 52Cr
共120 keV, 1.1E15 atoms/cm2 ), and 共c兲 98Mo 共180 keV, 8.8E14 atoms/cm2 )
关• as implanted, 䊊 annealed 300 °C, 䉱 500 °C, 䉭 700 °C, ⫻ 900 °C,
䊐 1000 °C for Fe and 1100 °C for Cr and Mo兴.

defects formed as a result of ion implantation. The second
peak occurs at a depth before the projected range, which is
the most probable penetration depth for the implant. For example, the projected range for the Cr ion implant is 0.104
m15 and the second peak occurs at 0.06 m. This concentration peak could be due to the formation of compounds and
solid solutions. The third peak is deeper than the projected
range and is related to end of range implantation defects and,
when the dose is sufficiently high, the interface between
amorphous and damaged silicon.
Ni in silicon represents the fifth diffusion category. Diffusion of Ni to both the surface and the silicon substrate occurs
at 300 °C 共see Fig. 8兲. Nickel has a uniform distribution to
0.2 m followed by one concentration peak. At 500 °C, two
concentration peaks are observed. Cross sectional transmission electron microscopy characterization confirms the precipitation of nickel and the recrystallization of amorphous
silicon underneath the surface during the annealing process
at high temperatures.
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The mechanism of impurity diffusion in polycrystalline
silicon can be quite different from that in single-crystalline
silicon. A separate category of diffusion is represented by V
in polycrystalline silicon. Figure 9 shows the distribution of
V with increasing temperature becomes more concentrated at
the interface of the 0.5-m-thick polycrystalline silicon film
and the silicon substrate. In contrast to crystalline Si, diffusion of V in polycrystalline silicon starts at 500 °C and, instead of moving to the surface, the implanted V atoms tend
to diffuse to the interface between the polycrystalline silicon
and the silicon substrate.
IV. SUMMARY

FIG. 7. SIMS depth profiles of 共a兲 64Zn 共180 keV, 3.3E14 atoms/cm2 ) and
共b兲 40Ca 共150 keV, 1E14 atoms/cm2 ) 关• as implanted, 䊊 annealed 300 °C, 䉱
500 °C, 䉭 700 °C, ⫻ 900 °C, 䊐 1000 °C for Zn, 1100 °C for Ca兴.

The diffusion properties of the elements studied can be
separated into several categories. For Cl, K, V, Ge, and Rb,
very little diffusion has been identified from the SIMS depth
profiles. Fast diffusion to the Si surface occurs for Be, Na,
Mg, Ti, and Mn if the annealing temperature is above
500 °C. Fe, Ca, Cr, Zn, and Mo show a multi-peaked structure after anneal as low as 500 °C. Ni indicates that it may
react with Si and form a layer of silicide in the near-surface
region. Finally, the diffusion behavior of V in polycrystalline
Si is faster than in single crystalline Si. Diffusion measurements for other elements in Si and a study of the effect of
implantation dose are in progress.
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